The authors have developed underwater laser processing, namely welding and peening, to enhance surface properties of metallic components. The process developed could significantly reduce radiation dose to workers in nuclear facilities due to the shielding effect of water from radiation as well as due to remote operation attainable by laser technologies. Laser welding or cladding makes corrosion-resistant layers on the surface of components underwater, which reduces stress corrosion cracking (SCC) susceptibility. Various metallurgical and mechanical tests were performed to prove that the laser cladding made sound layers even if the surface had been degraded. Laser peening imparts compressive residual stress in near-surface layers by irradiating intense laser pulses without any surface preparation. High pressure plasma generated through ablative interaction underwater impinges on the surface and induces plastic strain to make compressive residual stress. Both processes are used to enhance surface properties, such as resistance to SCC, fatigue or wear of various metal materials.
Introduction
Many nuclear power plants (NPPs) have been successfully operated beyond twenty or thirty years in the world. However, there still exist some unexpected events affecting the integrity of components due to stress corrosion cracking (SCC) or fatigue, which may cause unscheduled outage and reduce availability. To cope with this situation, the authors have developed various maintenance and repair tools that have been applied to existing NPPs to prevent major damage by SCC, fatigue and other causes.
Laser-based technology is considered to be the best tool for remote operation in NPPs, and particularly beneficial for the work under radiation environment. 1) Accessibility could be drastically improved by a simple handling system owing to the absence of reactive force against laser irradiation. Rapid heating and cooling of the process minimize the heat effect, which extends the applicability to neutron-irradiated material in operating NPPs.
In this paper, we describe underwater maintenance and repair technologies with Nd:YAG lasers or fiber lasers to prevent SCC and mitigate the serious consequence in NPPs. By utilizing underwater technologies instead of conventional mechanical processes, radiation dose to workers could be significantly reduced.
Underwater Laser Welding
Underwater laser welding can be performed in a local dry area made by an argon shield gas flow, which puts surrounding water out of the optical path and welding spot, as shown in Fig.1 .
2) The optical head is much smaller and simpler than those of conventional ones.
3) A sound and uniform cladding layer without oxidation was obtained by optimizing welding conditions, namely, laser power, welding speed, wire material, wire feed rate, argon shield gas flow rate, etc. No indication was detected in liquid penetrant and side bend testing.
Corrosion-resistant cladding (CRC) layers can be built on degraded or SCC-sensitive surfaces with chromium-rich filler wires. This can be also applied to components with cracks. The resulting layer could isolate crack tips from environment, which would prevent the cracks from further growth. 
Cladding on Pipe Inside Wall
Corrosion-resistant cladding on the inside wall of piping is one of the most important applications in many industrial fields. Figure 2 shows underwater laser welding for cladding the inside wall of a pipe specimen of type 316L austenitic stainless steel with an inner diameter of 333 mm.
2) The filler material is Y308L. The laser power, welding speed, wire feed rate and argon shield gas flow rate were 0.9 kW, 8.3 mm/s (50 cm/min), 15 mm/s (90 cm/min) and 1 × 10 -3 m 3 /s (60 l/min), respectively.
The external appearance and cross section of the cladding layer made by underwater laser welding are shown in Fig.3 , where artificial slits of 0.3 mm width were sealed by cladding. Stable cladding layer was obtained for all welding positions.
Cladding on Fillet Weld
Underwater laser welding can be also applied on fillet welds with slits simulating cracks by adjusting the shape of a head cover attached to the optical head.
2) The head cover effectively keeps argon shield gas in the optical head and makes dry environment around the welding spot. Figure 4 shows the cladding experiment on a fillet weld metal with an artificial slit with 0.3 mm width and 5 mm depth. A sound cladding layer of Alloy690 was made on Alloy182 (weld metal of Alloy600) with the slit. The welding condition was similar to that for the pipe inside wall, except for the shield cover. Figure 5 shows the external appearance and the cross section of the cladding layer. The artificial slits were properly sealed by the cladding layer.
Cladding on Actual Crack
A crack was introduced on a specimen of type 304 austenitic stainless steel by immersing it into MgCl 2 solution after imparting tensile residual stress on the surface. Laser welding was performed underwater to seal up the crack with a Y308L filler wire.
The cross section of the specimen after welding is shown in Fig.6 , which demonstrates that a uniform clad layer is made on the specimen. The welding conditions are 1.2 kW laser power, 5 mm/s (30 cm/min) welding speed, 10 mm/s (60 cm/min) wire feed rate, 1 × 10 -3 m 3 /s (60 l/min) shield gas flow rate.
Underwater Laser Peening
Laser peening introduces compressive residual stress on the near-surface layer of materials by irradiating intense laser pulses of Q-switched and frequency-doubled Nd:YAG laser. A remote delivery and handling system was developed and thoroughly verified through full-scale mock-up testing. The system has been applied to reactor components of existing NPPs as a preventive maintenance against SCC since 1999.
4,5)

Fundamental Process
The process of laser peening is illustrated in Fig.7 . When a laser pulse focuses on material underwater, the surface absorbs the laser energy and immediately evaporates through ablative interaction. The water confines the evaporating material and the resulting high-density vapor is ionized to form highpressure plasma by inverse bremsstrahlung.
6) Subsequent laser energy absorption in the plasma generates a heat-sustained shock wave, which impinges on the surface with an intensity of several GPa, far exceeding the yield strength of the material. The shock wave propagates into the material and loses the energy as it propagates to create a permanent strain. Then, the surrounding material elastically constrains the strained region, and thus forms a compressive residual stress on the surface.
7)
The convectional type of laser peening requires pre-coating that prevents the surface from melting or being damaged.
8)
Effect of Laser Peening
The SCC susceptibility of type 304 austenitic stainless steel was evaluated through creviced bent beam (CBB) type accelerating SCC tests. 9) Samples (10 mm × 50 mm × 2 mmt) were prepared from thermally sensitized material (893 K, 8.64 × 10 4 s (24 hours)) followed by 20 % cold working. Each sample was bent and fixed on a curved holder to produce uniform tensile strain of 1 % on the surface, and peened by laser, in which laser pulses of 60 mJ were incident on the sample with a focal spot diameter of 1.0 mm and a pulse density of 70 pulses/mm 2 . A crevice was made on each sample with graphite wool, which accelerated SCC initiation and propagation. Then, the samples were immersed in corrosive water (561 K, 8 ppm of oxygen, 10 -4 S/m in conductivity) for 1 × 10 6 s (500 hours) in an autoclave. Figure 8 shows the cross sectional micrograph of the unpeened (for reference) and laser-peened samples after the immersion. Typical SCC occurred in all samples without peening due to the high tensile stress on the surface by bending, whereas there were no cracks in all peened samples. This means laser peening completely suppressed the SCC susceptibility of sensitized type 304 austenitic stainless steel, even under such severe environment.
The effect of underwater laser peening on the high-cycle fatigue properties of type 316L austenitic stainless steel was tested by rotating bending. 9) Before testing, the samples were processed by two types of heat treatment; one was full heat treatment (FH) at 1373 K in a vacuum for 3600 s (1 hour) and another was stress-relieving heat treatment (SR) at 1173 K for 3600 s (1 hour). Each sample was peened underwater with conditions of 200 mJ pulse energy, 0.8 mm focal spot diameter and 36 pulses/mm 2 irradiation density. The rotating bending test was performed at a frequency of 47 Hz (2820 rpm). The sample was cooled by distilled water to release frictional heat generated in the material. Figure 9 shows the fatigue test results in terms of the relation between the applied stress amplitude (σ a ) and the number of cycles to failure (N f ). The fatigue strengths of the FH and SR materials with laser peening were 300 MPa and 340 MPa at 10 8 cycles, respectively, which were 1.7 and 1.4 times greater than those of the materials without laser peening.
Field Applications
The applicability of underwater laser peening to actual NPPs was examined through full-scale mock-up testing, in which maintenance work on reactor components could be completely simulated except for radiation. 10) The results showed that the remote delivery and handling system introduced compressive residual stress on the samples installed into the mock-up. After the construction of the entire system and the training for operational personnel, it was applied to the actual NPPs. Figure 10 schematically shows underwater laser peening of a core shroud in a boiling water reactor (BWR).
11)
Delivery of intense laser pulses with an optical fiber is an extremely difficult issue, however, we attained the stable delivery of 20 MW laser pulses (100 mJ pulse with 5 ns duration). 12) This enabled us to use the fiber-delivered system, which dramatically improved the accessibility to complicated objects in limited space. Actually, the inner surfaces of small diameter tubes down to 9 mm were successfully treated in operating NPPs.
5)
Versatile Maintenance System
In maintenance and repair works in NPPs, radiation dose to workers could increase owing to unexpected events such as replacement of devices with malfunction. A multi-functional system might reduce the frequency of the replacement of suspicious devices and enhance the operational flexibility even in a tight schedule.
Welding and peening are well-suited with the fiber delivery. Underwater devices in both processes, such as the optical fiber cable, the optical head and the robotic system could be used each other in common. Figure 11 shows a newly-developed multi-purpose optical head, which can be operated under both welding and peening modes. The head has another distinctive function, i.e., laser-ultrasonic testing (laser UT) capability to detect small defects. 13) A series of maintenance works could be feasible without any modification or rearrangement of the underwater system. For instance, welding or peening could immediately follow the inspection result of laser-ultrasonic testing by utilizing the multi-purpose optical head.
Summary
The underwater laser processing is considered to be one of the most beneficial tools for the maintenance and repair of components in nuclear power plants (NPPs). In line with the idea, the authors have developed the underwater laser welding and peening technologies to prevent stress corrosion cracking (SCC) or fatigue cracking from the initiation or propagation. Each technology has unique and outstanding features as a remote processing, as described in the previous sections. Laser microanalysis, laser cleaning, etc. are also being developed in parallel for the further integration into the system. 14) Fig.11 Multi-purpose optical head with welding, peening and inspection functions. 
